In this paper, we study the physical basis of the crossing-point temperature (CPT) techniques and seek guidelines for attaining reliable evaluation on the kinetic parameters of the exothermic reactions that occurred during the self-heating of solids. By numerically simulating the thermal response of a solid sample placed in a convective thermal environment, the variation in the trend of the enthalpy change term together with the heat generation term in the sample central elementary volume was monitored, which allowed a close observation on the formation of a CPT. It was found that a true CPT is the transition temperature at which the heat transfer from the surroundings to the central neighborhood goes into reverse. The CPT values measured during practical testing may be altered by experimental settings for finding equal temperatures between the sample centre and a reference point, which is more evident at the conditions of enlarged sample sizes and elevated oven temperatures. Relaxation on the criterion of the equality between the enthalpy change term and the heat generation term in the central elementary volume yielded a theoretical correlation for determining the maximum distance for the reference temperature sensor to be placed in order to perform reliable measurement of a CPT. This correlation is in excellent agreement with the experimental settings for the reference point adopted by various research groups.
INTRODUCTION
Coal and some other solids can react with oxygen in open atmosphere. Such reactions are exothermic and may eventually lead to the self-heating as well as spontaneous combustion of the solids. For this reason, these reactive solids are categorized as 'pyrophoric' materials, and are regularly evaluated by their propensity towards self-heating and spontaneous combustion for the purpose of their safe utilization and handling [1] [2] [3] .
The crossing-point temperature techniques introduced in last two decades are known as major methods for determining the reactivity of solids [2, 3] . Derived from the conventional approach [3] , these techniques have made it possible to evaluate the apparent kinetic data of the exothermic reactions that occur during the self-heating and spontaneous combustion of solids. These techniques have two versions in principal, with one developed by Chen's research group in the middle of the 1990s [4] [5] [6] [7] . The kernel of Chen's CPT technique is to find out the time interval when the temperature at the centre of a sample is equal to that at an adjacent position by heating the sample in an oven at a constant temperature. At this time interval, the energy conservation equation in the central elementary volume can be simplified into equality between the enthalpy change term and the heat generation term. The crossing-point temperatures and their associated rates of temperature rise measured at different oven temperatures are then used to form a plot of ln (∂T p /∂t) against the reciprocal of the crossing-point temperature T p , which yields the evaluation of the kinetic parameters of exothermic reactions that occurred during the self-heating of the solid. The other version was introduced by Jones in the later part of the 1990s [8] [9] [10] [11] . Its testing procedure is identical to that of Chen's method. The only difference between these two methods is that in Jones method the oven temperature is set as the reference temperature for determining both the CPT and the associated time derivative (∂T p /∂t).
Compared to the basket heating method based upon the Frank-Kamenetskii model, these crossing-point temperature techniques have obvious advantages in providing a quick assessment of the apparent kinetic parameters of the exothermic reactions of solids [2, 3] . The advantages include the shortened duration of a single test and no necessity to run measurements with various sample sizes, which have been confirmed by comparative measurements carried out by independent research groups with the solids such as milk powder, wood sawdust and coal [5] [6] [7] [12] [13] [14] [15] . However, for a long time, issues have been raised on the CPT techniques due to the variation in the setting of a reference point, which are partly reflected in the disputes among the developers of the individual techniques [16] [17] [18] [19] . As reported in the literature [7] , the crossing-point temperature determined by Chen's technique departs from the oven temperature, with a variation ranging from several to a few tens of kelvin. The extent of departure depends on the temperature of the oven and the properties of the sample tested. These two techniques are almost identical in nature, but yield different test results even under the same experimental conditions. The obvious question is which results are more reliable. Generally speaking, in the utilization of the CPT techniques there are two basic impending issues: 1) how do the temperature of the crossing-point and its corresponding rate of temperature rise relate to the kinetics of the exothermic reactions and 2) in which way does the crossing-point temperatures measured contain essential information for reliable determination of the kinetic parameters in association with the reactivity of solids.
Attempts are made in the present paper to find out the answers to the above issues. Based upon the energy conservation equation, the nature of the crossing-point temperature and its physical significance are investigated in detail. The relationship between the CPT and the solid properties as well as the experimental parameters is studied using a sensitivity analysis technique. By setting various distances for the reference point for determining the CPTs, the variation in the CPTs and the consequent results of the kinetic parameters are simulated, and the difference between the Chen's and Jones' techniques is then analyzed in depth. Finally, general principles are also explored for setting the distance of the reference point to achieve reliable measurement of a CPT.
THE MODEL AND NUMERICAL METHOD
A sample consisting of fine solid particles is placed in a shaped metal basket and is heated in a convective environment at a constant temperature T a . Temperature rise of the sample triggers the exothermic reactions occurring inside it. The sample is considered to be homogeneous and isotropic everywhere. The reactions are single-step ones with the rate expression being independent of the reactant concentrations and obeying the Arrhenius law. By neglecting heat effects of gas diffusion within the sample, the energy balance equation for an elementary volume at any position can be written by
where j is the shape factor, and j = 0, 1 or 2 is for a slab, a cylinder or a sphere, respectively [1] . The left-hand side of the equation corresponds to the enthalpy change term in an elementary volume, while the first term at the right-hand side represents the heat conduction term and the second term is the heat generation term. Effect of moisture content of the sample on the energy balance is not considered in Eq. 1, since the temperature range studied exceeds the boiling point of water [1, 2] .
The initial condition for Eq. 1 is:
The central symmetry and convective boundary conditions are given by
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By introduction a dimensionless temperature ) (
where E RT 0 = ε , and its value is far less than unity. Initial condition is re-written as
and the boundary conditions are
The equation with the initial and boundary conditions (Eqs. 6-9) were discretized and solved numerically using the finite volume method. The integrals of the enthalpy change and heat generation terms were approximated using trapezoidal quadrature rule, while the spatial derivatives of the thermal diffusion term were expanded using one-step central difference. Time integration was carried out under the implicit scheme. The algebraic equations generated were solved using the Gauss-Seidel iteration technique. The programming was performed in Visual Fortran 6.5, and the time step was set at 0.1 s for all calculations. Temperature histories at the sample centre were determined first, and the crossing-point temperature was then found by placing a reference point and tracing the time interval when their temperatures were met. The rate of temperature rise at the crossing point was computed following the rule of 5-point forward difference.
RESULTS AND DISCUSSION

Significance of the Crossing-Point Temperatures and their Dependence to the Experimental Parameters
Firstly, we consider a theoretical CPT at which the enthalpy change term q t equals to the heat generation term q s in the central elementary volume for a reactive solid sample placed in a steady heating environment. By numerically simulating the temperature rise at the sample centre and the associated time derivative, variation in the magnitudes of q t and q s is traced, which allows an observation of the status of q t = q s . Values of the parameters adopted in calculation are listed in Table 1 . The sample of 0.5 M KAc-ion-exchanged coal [14] ; c The value recommended by Gray and Halliburton [2] . Figure 1 demonstrates the typical variation of the enthalpy change term as well as the heat generation term in the central elementary volume for Solid A being placed in an environment at different temperatures. It can be seen that, at the early stage of the temperature rise, the magnitude of the enthalpy change term rises rapidly and then drops after reaching a peak. Meanwhile, for the heat generation term, its value increases slowly from unity. At the later stage, the increased value of the heat generation term and the decreased value of the enthalpy change term lead to these two terms intersecting and then separate from one another. Distinct trends are shown for the curves in Figs. 1a and b after the appearance of an intersection, with the former ones undergoing slow progress and the later ones going up sharply. This is indicative that, in the first case, the sample may never reach the status of spontaneous combustion after the temperature preparation at the early stage, while in the second case, spontaneous combustion eventually occurs within the sample after the intersection. In both scenarios, the curves only meet once at the temperatures θ p equal to 11.03 and 14.28, respectively. Nugroho and co-workers [13] conducted measurements on the same solid and found the values of θ p in a range of between 9.92 and 14.46 under various oven temperatures. Since there was a lack of information of the oven temperatures for every θ p , it was not possible to compare their test results with the present predictions.
Once a sample is placed in an oven, heat is transferred by conduction from its surface to the centre. Under this circumstance, the heat generation term is negligible due to low initial temperature at the sample centre, and the heat conduction term plays major role in raising the enthalpy in the central elementary volume. With an increase in the temperature at the sample centre, there is a reduction in the temperature difference between the sample centre and its neighbor due to the activation of the heat generation term. A specific time interval may be reached when the increased value of heat generation term is just equal to that of the enthalpy change term in the central elementary volume. After this time interval, the heat generation term undergoes progressive increase, allowing the sample to be in a quasi-steady state, as exhibited in Fig. 1a . Otherwise, significant increase in the heat generation term may eventually lead to the spontaneous combustion of the sample (Fig. 1b) . Under particular circumstances, the time interval may never be reached for equality between the heat generation term and the enthalpy change term within the sample central elementary volume. This occurs once the temperature at a position outside the central elementary volume firstly surpasses the critical temperature for initiating spontaneous combustion. 
The phenomenon of the crossing point can be further interpreted based upon the energy conservation equation at the central neighborhood. After an arrangement, Eq. 6 can be integrated in the following form
For the sample owning homogeneous and isotropic properties, once Δη is small enough, the temperatures and their associated time derivatives are evenly distributed within the central elementary volume. Thus, Eq. 10 can be casted into
An utilization of the axial symmetry conditions at η = 0, the above equation is then further simplified to
As shown in Fig. 1 , prior to the appearance of the crossing point, the enthalpy change term is larger than the heat generation term, i.e. q t > q s ; thus, we have 0
. This is an indication of the conduction of heat from outside to the sample centre at this stage. At the crossing-point temperature, there is It is evident that the crossing-point temperature is the transition temperature at which heat conduction from the outside to the central elementary volume goes into reverse. At this particular time interval, the adiabatic conditions are attained at the Δη interface, and within the interface there is a direct balance between the enthalpy change term and the heat generation term. After that, the magnitude of the enthalpy change term increases continuously as a result of the intensified exothermic reactions (the heat generation term) and the heat conduction term emerges again (refer to Fig. 1 ). There is no doubt that for a reactive solid undergoing self-heating and spontaneous combustion, the status of q t = q s may only occur once.
From the perspective of the governing equation for energy, the temperature of the sample centre and the corresponding rate of temperature rise at the time interval of vanishing heat conduction term should not only be a function of solid reactivity and thermal properties, but also be influenced by the experimental conditions. Using a 'brute force' method, the sensitivity of T p and ∂T p /∂t to several parameters is analyzed. Figure 2a demonstrates how the crossing-point temperature is altered by enlarging or reducing the magnitude of each parameter at a level of ± 10 % of the reference value. It is evident that the parameters that have significant influence on T p are the apparent activation energy E and the oven temperature T a . For a sample with a reduced apparent activation energy E, the rate of heat generation increases more considerably with the temperature rise at its centre. A higher temperature T p is then required to allow commencing the status of vanishing heat conduction term in the sample's central elementary volume. Effect of the oven temperature on T p may operate in a similar way, by altering the temperature rise at the sample's centre and hence the rate of heat generation in the central elementary volume.
Effects of the parameters on the rate of temperature rise at the crossing point are shown in Fig. 2b . For convenience in data comparison, logarithm of the rate of temperature rise is used here. It is observed that the influence of the apparent activation energy and the oven temperature on the rate of temperature rise at the crossing point far exceeds that of other parameters. This is readily understandable, if we recall the criterion for finding the CPTs, that is, an equality between the enthalpy change term (∂θ/∂τ) and the heat generation term (exp(f(θ))) in the central elementary volume of a sample. In the CPT measurements, the crossing-point temperatures and their associated rates of temperature rise are essentially governed by the reactivity of the solids and the set oven temperatures. This feature essentially ensures the reliability and effectiveness of the CPT techniques in determining the activation energy and heat of reactions of the solids.
(a) (b) Fig. 2 . Analysis on the sensitivity of the crossing-point temperature (a) and the corresponding rate of temperature rise (b) to the experimental parameters. The calculations were done for Solid A by considering the reference sample radius of 25 mm and the oven temperature of 380 K.
Variation in the CPTs Determined by Placing the Reference Point at Varying Distances
In practice, a CPT is determined by monitoring the temperature rise both at the sample's centre and at a reference point as previously mentioned. In Chen's method [4, 5] , the reference point is suggested at a position several millimeters away from the centre, and the CPT is found when the central temperature is equal to that of the reference point. In the Jones' method [8, 9] , oven temperature is set as a reference. This setting is basically equivalent to taking the sample's surface temperature as the reference, since for a sample heated in a convective environment its surface temperature is rather close to the oven temperature once the temperature at the sample centre reaches that at the surface [21, 22] . One more variation in determining the CPTs is the so-called Nordtest method [2] , with the reference point being placed in the middle of the sample radius. Now, we examine how the CPTs are affected by the distances adopted for placing the reference point.
Figures 3a and b show the subtraction of the crossing-point temperature from the oven temperature as a function of dimensionless distance η r set for placing a reference point under specific circumstances. It can be seen that, for a lower oven temperature T a , T p -T a does not vary with η r significantly; however, for an elevated oven temperature T a , the magnitude of T p -T a is prominently altered by η r . Similarly, at the condition of the same oven temperature, a smaller sample radius r 0 leads to relatively-flat distribution of the term T p -T a , while an enlarged sample radius r 0 may result in significant variation in the term T p -T a with the distance η r . These typical phenomena are in consistent with the observations obtained during the practical CPT measurements using both Chen's and Jones' methods [7] . During the self-heating experiments with bagasse and some other materials in the constant temperature environment, Griffiths and co-workers [21] found that the temperature difference between the sample centre and the heating environment is usually above 25 K and becomes larger for an increased r 0 . In contrast, the temperature difference between the sample surface and the heating environment remained at a level of ~5 K.
(a) (b) Fig. 3 . Subtraction of the crossing-point temperature from the oven temperature as a function of dimensionless distance η r set for placing a reference point. The calculations were done for Solid B by taking into account: (a) a constant sample radius of 12.5 mm; (b) the constant oven temperature of 410 K.
Once a sample is placed in a convective heating environment, the temperature rise starts from its surface. Thermal diffusion process triggers the heat released by the localized heat generation term, creating wavy distribution of the temperatures across the sample radius. Once the peak temperature moves to the sample centre, the direction of heat conduction in the central elementary volume turns to reverse. This is the reason to make the CPT maintain at a relatively-high level, i.e., a considerable value of T p -T a . This phenomenon becomes more eminent, especially when T a is larger as a result of its direct impact to the localized heat generation term. As r 0 increases, the peak temperature may take a longer time to diffuse into the sample centre via conduction, which allows more heat accumulated locally as a result of the contribution of heat generation term in an extended period. For this reason, the peak temperature may be increased and hence the crossing-point temperature at the sample centre. It has often been observed during the practical testing that, for a relatively lower T a and a smaller r 0 , the CPT results collected via Chen's and Jones' methods are getting close [7] . These trends are also in agreement with the results shown in Figs. 3a and b. Distinct settings in the distance of a reference point introduced by individual test methods lead to the variation in determining the CPTs and the values of the term ∂T p /∂t, which inevitably affects the further evaluation of parameters E and QA. Figures 4a and b illustrate the distribution of the absolute relative errors of the parameters E and QA as a function of the distance set for the reference point to the sample centre. It can be readily seen that the relative errors of E and QA are very close to zero for the reference point located in the region of η r ≤ 0.2. This observation further confirms the reliability of the Chen's method, if we exclude the errors possibly induced by the practical measurements of experimental parameters. With the departure of the reference point from the sample centre, the relative errors increase significantly, especially for the term QA. For η r = 1.0 (which is equivalent to the Jones' method), the errors for E maintain at a level of < 1 % but ~50 % for the term QA. An error of less than 1 % is negligible, and the considerable deviation in QA value comes from the technique for determining this term. By doing the measurements using both Chen's and Jones' methods, Nugroho and co-workers [12] reported that the apparent activation energy for South Bangko coal is 78 ± 7 and 75 ± 4 kJ/mol, respectively, while for the KPC-Prima coal, the obtained value is 56 ± 4 and 54 ± 2 kJ/mol, respectively. The closeness of test results for E is direct evidence to support our findings. The reason behind the diversity in the values determined for E and QA can be explored by comparing the enthalpy change term q s with the heat generation term q t in the sample's central elementary volume at the conditions of varying distances of the reference point. Figure 5 shows the variation of the ratio q s /q t determined as a function of the distance set for the reference point. When the dimensionless radius η r is small, especially η r = 0.02, there exists q s /q t ≈ 1. Under these situations, the CPTs determined can be regarded as the true temperature at which thermal conduction term vanishes in the central elementary volume. With the increase of η r , there is q s /q t < 1, indicating that the thermal conduction term is no longer negligible. This phenomenon is manifested at η r →1.0.
The above observations were further confirmed by the temperature profile within a sample determined at the time when the identical temperature was reached between the sample centre and a reference point. As shown in Fig. 6 , the temperature profile exhibits distinct patterns at the CPTs determined. For a small value of η r , the temperatures are essentially indistinguishable within the region of η ≤ 0.2, which corresponds to the situation of q s /q t ≈ 1 in Fig. 5 . When η r becomes larger, the temperature fluctuations become evident within the region of η ≤ η r , indicating obvious heat conduction occurring at the interface η = η r . In the case of η r = 1.0, although there is equality between the surface temperature and the central temperature, the sample is definitely not at the transient adiabatic status due to the significant temperature gradient in the region adjacent to its surface. Figure 6 also clearly demonstrates the trend of an increase in the CPT value with a shift in the reference point from the sample surface to its interior. These series of CPT values determined are in fact the temperatures at the sample centre for various time intervals, and the highest one corresponds to the status when identical temperatures appear in the central neighborhood. When the highest CPT is reached at the sample centre, it turns to be the peak temperature across the sample radius. As a result, the sample centre tends to output heat to the surroundings. This further confirms the sole value of the 'true' CPT at which the heat conduction term vanishes in the central elementary volume.
Consistent with the issue of the presence of thermal conduction term in the energy balance at the CPTs determined by Jones' method, Chen and co-workers pointed out that poor linearity could be found between the logarithmic rates of temperature rise at the crossing point and the reciprocal of the CPTs determined using Jones' approach [17] . Nevertheless, this may not be straight forward in practice. As we can see in Fig.  5 , the ratio q s /q t is getting to ~0.8 using the Jones' approach, which implies the magnitude of the thermal conduction term of ~0.2q t . In other words, the contribution of the term q c may not be considerable in the logarithmic plot of the specific energy terms due to its smaller values at the CPTs. Therefore, the logarithmic plots of the enthalpy change term against the heat generation term at the CPTs should also display acceptable linearity, which has been confirmed in testing [8] [9] [10] [11] [12] . Further observations on the ratio of q s /q t at the Jones' CPTs also indicate that it essentially maintains at the same level for various oven temperatures. Thus, the imbalance between the enthalpy change term and the heat generation term at the Jones' CPTs may not make an obvious impact to the slope of the regression line in the plot of ln (∂T p /∂t) versus 1/T p . That is the reason why the value of activation energy obtained using the Jones' approach may be close to that by Chen's method. The distances constrained by this correlation for various sample sizes coincide with those adopted by three independent groups in their CPT measurements. In the CPT measurements on various types of milk powders, Chong and co-workers [6] set the reference temperature sensor at the distance 4 mm away from the sample centre for the cylindrical reactor with a diameter of 40 mm, and 5 mm for the reactor with a dimension of 60 mm. In comparison, the maximum distance determined by Eq. 13 is 4.8 and 6.2 mm, respectively, for the reactors with these two selected dimensions. During the CPT testing with the 0.5 M KAc-ion-exchanged coal samples, Zhang and Sujanti [14] placed the reference point at the distance 3 mm away from the sample centre for the reactor size of 25 mm, which is close to the value 3.5 mm as determined by Eq. 13. In the assessment on the reactivity of a few types of coal samples, Nugroho and co-authors [13] chose the position of the reference temperature sensor at a distance 5 mm away from the sample centre, for the reactor with a size of 50 mm, which is also within the maximum distance predicted by Eq. 13 (i.e. 5.5 mm).
The reliability of determined maximum distances was further verified here by examining the performance of the CPTs and the corresponding time derivates in finding the parameters E and QA. For the specific solid considered, the CPTs were evaluated for various oven temperatures using a reference point set either adjacent to the centre (i.e. η r = 0.02) or at the maximum distance (i.e. 5.5 mm or η r = 0.22), and then their performance was tested in the plot of ln(∂T p /∂t) against 1/T p . As shown in Fig. 8 , the results not only exhibit good linearity, but also coincide with each other as well as the experimental data.
Although the formula of the maximum distance was obtained for a long cylindrical reactor, it should also be applicable to a cubical reactor. This is because the determination of the maximum distance was based on the criterion q s /q t = 0.99, and for a cubical reactor with the shape factor j = 0, the portion of the heat conduction term in the energy conservation equation decreases in comparison to the reactor owning a shape factor j = 1. In other words, the criterion for finding the maximum distance also applies to the cubical reactors. In addition, Eq. 13 is only suitable for the reactors with moderate sizes. If the size of a reactor is large enough, the sample may easily reach the super-critical status [1, 2, 12, 22] . When this happens, a sharp temperature rise may be presented somewhere between the sample surface and the centre, which leads to the difficulty in finding the CPT prior to the commencement of spontaneous combustion. Under this circumstance, the reliability of a CPT measured and the accuracy in finding the corresponding rate of temperature rise could be in question [12] . 
CONCLUDING REMARKS
Based upon the energy conservation equation, the time interval when the thermal conduction term vanishes at the centre was traced theoretically for a sample undergoing self-heating at a constant ambient temperature. The central temperature at this time interval, i.e. the true crossing-point temperature, is the transient peak temperature across the sample radius, leading to an overturn in the direction of heat conduction occurring in the central neighborhood. The appearance of a true CPT at the sample centre only occurs once during the self-heating and spontaneous combustion of the sample. [13] Analysis indicates that the CPT and its associated time derivative are essentially dominated by two major parameters, i.e. the apparent activation energy of the exothermic reactions and the oven temperature. This finding further confirms the reliability of the CPT techniques in determining the apparent activation energy of exothermic reactions taking place during the self-heating process of a solid, and hence the propensity of a solid to spontaneous combustion.
Calculations have also shown that, with the increase in the distance for placing a reference temperature sensor to find a CPT, the errors for determining the parameters E and QA become larger, especially for the term QA. At a CPT the enthalpy change term may no longer be equal to that of the heat generation term in the central elementary volume, if the position of the reference temperature sensor is departed from the central neighborhood. However, this trend is somehow minimized at conditions of a reduced sample size and a lower oven temperature.
Within the range of the oven temperatures and experimental sample sizes considered, the maximum distance for placing a reference temperature sensor to achieve a reliable CPT measurement was found to follow a simple correlation . Under the experimental conditions considered, this correlation is applicable to a sample either in a cylindrical shape or a square block shape.
